This paper is the joint work of working group 4 of the RILEM TC 238-SCM and the fib Task Group 4.6. It was the aim of this literature study to quantify the effect of ground granulated blast furnace slag (GGBS) and silicious fly ash (sFA) on strength development of concrete. analysis and they were found to be satisfactory. This increased confidence in their use for predicting the strength development of other curing regimes, i.e. adiabatically cured concrete cubes, using the maturity function in the fib Model Code. Predictions of the effect of curing temperature, i.e. the adiabatic temperature history, on the strength development were again satisfactory. These were not significantly affected by the fib model code's use of one value of "apparent" activation energy.
Introduction
There has been a significant change in the types of cements used in the last decade. Whilst before the norm was a neat Portland cement, nowadays referred to as CEM I, environmental considerations, i.e. carbon footprint, has led to CEM II and CEM III cements becoming popular. Many of these cements contain fly ash (FA) or ground granulated blast-furnace slag (GGBS) which alter the compressive strength-time relationship. The designers usually use the 28-day characteristic compressive strength for structural calculations. Whilst SCMs may be used to design concretes of equivalent 28-day strength as neat Portland cement (CEM I) their early age strength development is not only significantly different but it is also affected to a greater extent by curing temperature.
High early age strength, e.g. 15 N/mm 2 at 16 hours, are needed by precast concrete factories for lifting operations in order to maintain their daily production of structural and non-structural elements. The factors affecting strength at early ages must therefore be considered. These factors include the composition of the concrete mixture, such as cement type and SCM addition and the use of retarding or accelerating admixtures. The strength development of the concrete is also influenced by temperature. Strength gain is more rapid at higher temperatures and slower at lower temperatures and if the temperature is too low then strength gain will cease altogether.
The need to understand and quantify the effect of temperature on the early age strength development of concrete mixes has been recognised for a long time. This was mainly for:
(a) determining elevated curing temperature needed to achieve the required early strengths for safely lifting precast concrete elements as early as sixteen hours after casting [1] and (b) predicting the in-situ strengths especially during cold weather concreting, to allow stripping of formwork and removal of props without a collapse like the one that occurred in Willow Island in 1978 which resulted in 51 deaths [2, 3] .
This can be achieved with maturity methods which account for the combined effect of binder composition and temperature on the strength development of concrete [4 -9] .
Strength development

General
The replacement of Portland cement by GGBS or fly ash usually results in a reduced early strength, often coupled with an increase in late strength. According to the fib Model code [10] the strength of concrete at a certain point in time can be calculated from the strength at 28 days according to the following equation:
f cm (t) =  cc (t) · f cm,28d with ( ) = 
where f cm (t) is the mean compressive strength in N/mm² at an age t in days, f cm,28d is the average compressive strength in N/mm² at an age of 28 days,  cc (t) is a function to describe the strength development with time, t is the concrete age in days, s is a coefficient, which depends on the strength class of the cement. For concretes with high GGBS or fly ash contents strength development is slower, which leads to higher s-values. In order to quantify that effect, data on strength development of concretes with GGBS and/or fly ash were collected from research reports and literature [11 -78] and internal reports of material testing at the Institute of Building Materials Research, RWTH Aachen University, (ibac) [65] . For comparison concretes with CEM I of different strength classes were also included in this study. The compressive strength of each concrete was tested at least at three points in time, always including 28 days. The average number of testing ages was 4.5. The s-value of every binder was fitted using equation (1) . Since all experimental data show some scatter, the measured 28 day strength was not taken as a fixed value. Instead a fitting was carried out, allowing a variation of the 28 d strength in the range of  half a strength class compared to the measured value in order to get the most appropriate s-value for the strength development. Fig. 1 shows two examples of the fitting, a typical and a bad example. The bad example shows that in a few cases the experimental data could not be described adequately with equation (1) . 18 out of 1017 data sets were not considered, because the average discrepancy between measured and calculated strength was more than 2.0 N/mm². Results for very early ages (< 24 h) should not be considered in the fitting of the s-value because high discrepancies at later ages were found in this study.
That means on the other hand that the strength at t < 24 h cannot be predicted by equation
(1). The database includes only concrete samples with a minimum dimension of 100 mm. The curing temperature was 20  3 °C. The humidity storage conditions of the samples varied.
Some samples were stored under water or in a fog room and others were stored under water for 7 days and at 65 % relative humidity afterwards. An overview of the available data is given in the Annex, Table A 1 to Table A Quite often the strength class of the cements is not specified in non-European literature, but in many cases results of mortar compressive strength tested according to ASTM C 109 are included in the papers. These results were used to classify the cements according to EN 197-1 (assuming a size factor of f cm,51mm / f cm,40mm = 0.95). Most of these cements were assigned to strength class 32.5 R or 42.5 N.
Influence of curing conditions, binder composition and w/b ratio
As mentioned above all concretes were cured at 20  3 °C but at different humidity conditions. The humidity may influence the subsequent hardening of concrete. Exemplarily can be seen that there is no systematic difference between 7 days of curing and water storage. There are a few results with only one or two days of curing in the data base and they show lower s-values indicating that the hydration of the cement is affected and the subsequent hardening is lower. Fig. 2 shows that for concrete samples with a minimum sample size of 100 mm 7 days of curing are sufficient to reach good subsequent hardening.
For the further evaluation of the data no distinction was made between the curing conditions C7, W and FR. concrete (*: strength class was not given in the paper, but could be determined from mortar compressive strength); data from [17, 21, 24 -26, 41, 65, 78] The influence of the water/binder ratio is shown in Fig. 5 for Portland cement. The s-value increases with increasing w/b ratio, but the scatter is quite high even within one strength class. Influence of the water/binder ratio on the s-values of concrete (*: strength class was not given in the paper, but could be determined from mortar compressive strength); data from [15 -17, 20 -25, 27, 30 -32, 34, 36 -41, 43 -50, 52 -62, 64, 65 -68, 72 -74, 76-78] In the following figures, the data was arranged according to the w/b ratio as follows: The correlation between the s-value determined according to paragraph 2.1 and the s-value calculated according to Eq. (2) is shown in Fig. 8 . The correlation leads to a R² of 0.466, which is rather low. It has to be assessed how this is reflected in the prognosis of strength development.
. 
where t is the concrete age (1 to 3 days)
This individual fitting is supposed to give a good approximation of the strength development.
Both approaches were used to calculate the s-value and predict the compressive strength at and 28 days the calculation based on early age strength is a bit more precise. Therefore it is recommended to use Eq. (3) to calculate curing times.
For later ages the accuracy of the prediction with Eq. (3) decreases, because the s-value was calculated based on early age strength. Some countries, like Germany or Japan, allow higher assessment ages for concretes with high SCM contents for special applications like mass concrete. Eq. (2) can be used to predict the compressive strength at these later ages (usually 56 or 91 days). The coarse aggregate initially used was 5 -20 mm uncrushed round gravel from the Fagl Lane quarry, which is located in Wales. Its specific density and water absorption were were mixes with 30% cement replacement by FA whilst GGBS30 and GGBS50 were mixes with 50% cement replacement by GGBS. The mix proportions of these are shown in Table 2 . (100 mm size) were subsequently cast in two layers in single-and three-gang steel moulds, and each layer was compacted using a vibrating table.
Maturity function
Two different curing procedures were used:
 Standard curing for which the concrete specimens, inside single cube moulds, were covered with wet hessian and a polythene sheet immediately after casting and left to cure at room temperature conditions (approximately 20 °C) for a day. They were subsequently demoulded and placed inside a water bath set at 20 °C.
 Adiabatic curing -The adiabatic temperature rise due to hydration of cement will occur if there are no heat losses from the fresh concrete. To achieve this state it is necessary to either heavily insulate the concrete or alternatively to ensure that the environment in which the concrete is stored is at the same, or nearly the same, temperature as the concrete. The latter approach was adopted in this study. Concrete (150 mm cube) was cast in a steel box lined with 20 mm expanded polystyrene for insulation and heavy duty polythene to prevent moisture loss. The specimen was then placed into a programmable computer controlled curing tank and two copper/constantan thermocouples were inserted in it through a hole in the top of the box. Two more copper/constantan thermocouples were used to monitor the temperature of the water in the tank. The thermocouples were all connected to a computer which not only recorded the temperatures but also was set to activate the water heating system when the temperature difference between the water and the concrete was >1 °C. It can be assumed, based on the fact that there was no temperature drop after the maximum had been reached, that there was only very little heat loss and thus no adjustment was needed for the results. A schematic diagram of the setup of the programmable computer control curing tank used for adiabatic tests is shown in Fig. 11 . In addition, concrete specimens, inside three-gang moulds, were sealed using a cling film and tape and placed inside the programmable computer controlled curing tank so that the compressive strength could be determined for the adiabatically curing regime. The adiabatically cured concrete specimens remained in the computer controlled tank until the concrete reached its maximum adiabatic temperature, usually one week after casting. Once the adiabatic temperature rise stopped, the remaining concrete specimens were removed from the tank, demoulded, wrapped with wet Hessian and polythene sheet and placed inside curing cabinets set at the final adiabatic temperature. Table 3 .
Cube compressive strength development
At first sight the s-values obtained with the two approaches may appear to be quite different.
The values obtained for PC concretes from Eq. (2) (last column) are higher than those from regression analysis (second-last column) whilst those for GGBS are lower. The ones for FA mixes are lower but less than those for GGBS.
The fit of the strength-relationships with s-values from Eq. (2) was therefore expected not to be very good. Nonetheless, the fit appears to be quite good, see Fig. 12 (a) and the improvement from using actual regression s-values is not significant. For FA50 the discrepancy between prediction and measurement was relatively high, whereas for FA30 the fit is good. To check whether long term strength can be predicted adequately, strength data for a concrete age of one year were taken from the data base (239 The latter depends not only on the binder type used, but also on the size and shape of the structural element, the ambient temperature and whether thermal insulation is used or not.
The concrete temperature inside a structural element is unlikely to be 20 °C. The adiabatic curing regime is an extreme situation, since it is assumed that no heat is lost, but nonetheless it is useful in quantifying the accuracy in the estimations of maturity functions.
Maturity functions aim to account for the combined effect of time and temperature on strength devleopment. They account for the "sensitivity" of different binders to temperature in different ways but these can be compared with "equivalent age" which represents "the duration of curing period at the reference temperature that would result in the same maturity as the curing period at other temperature". For example, the maturity function proposed by
Hansen and Pedersen [79] , that assumes the rate of strength development obeys the Arrhenius law (referred to as Arrhenius in this paper):
Where t e is the equivalent age in days, T α is the average temperature of concrete during time interval t in K, T s is the specified reference temperature in K, E a is the apparent activation energy in J/mol and R is the universal gas constant in J/K·mol.
In this case the age conversion factor is:
The fib model code's maturity function is based on the Arrhenius function with E a = 33,256 J/mol, R = 8.314 J/ (K·mol) and specified reference temperature T s = 20 °C: The main difference to Eq. (4) is therefore the "apparent" activation energy that is fixed at 33.3 kJ/mol whilst the Arrhenius function allows different values for this. Apparent activation energies are normally determined for isothermally cured strength development data of "equivalent" mortars. The procedure, which is described in ASTM C1074-11, requires the "equivalent" mortars to have the same w/b ratio as the concretes and the sand to binder ratios need to be equal to the coarse aggregate to binder ratios of the concrete. Values from the "equivalent" mortars for concretes described here have been reported in Soutsos et. al (2016) [80] . These are shown in Fig. 14 and it can be seen that the fib model code's selection of 33.3 kJ/mol as apparent activation energy is between those of PC50 and PC30.
The FA ones are slightly below those of the equivalent PC concretes whilst those for GGBS are considerably higher. The effect these have on the strength estimates will be examined next. 
Concrete strength estimates
The Arrhenius function required the apparent activation energies of all six concretes which were previously determined [80, 82] according to ASTM C1074-11 method and they were PC30 = 37.4 kJ/mol, GGBS30 = 52.8 kJ/mol, FA30 = 22.6 kJ/mol, PC50 = 27.7 kJ/mol, GGBS50 = 41.6 kJ/mol and FA50 = 27.3 kJ/mol as shown in Fig. 14. These were found to be in good agreement with values in literature [83 -87] . The equivalent age t e at time t was calculated using Eq. (4). The specified reference temperature, T s , used was 293 °K (20 °C).
The fib model code's procedure requires that the temperature-adjusted concrete age t T , which is the equivalent age, is calculated from Eq. (6) with T a being the average temperature (in °C) of concrete during time interval Δt i , which is the temperature history the concrete is subjected to (in this case, these were the temperature histories recorded during the adiabatic tests). The value of t T obtained was then substituted for t at Equation 1 with the s-value as previously determined from Eq. (2). The value of equivalent age obtained, t e , was then substituted for t in Eq. (1) with s-value as previously determined for the strength data obtained for the concrete cured at 20 °C.
The adiabatic temperature histories, Fig. 15 , were thus converted into estimated strength development curves and these are shown in Fig. 16 and Fig. 17 . The "Arrhenius" labelled indicates that (a) the s-value was obtained by regression of the strength data obtained for the concrete cured at 20 °C and (b) the "apparent" activation energy was determined according to ASTM C1074-11. The "Modified fib" labelled one indicates that (a) the s-value was obtained from Eq. (2) and (b) the "apparent" activation energy was 33.3 kJ/mol irrespective of the binder. The calculated strength values estimated using the "Modified fib" are considerably good especially at early ages, for all tested mixtures except the PC50, thus increasing confidence in the use of Eq. (2) for estimating the s-value without determining this by regression of actual strength development data. It is most noticeable for the PC50 that the maturity functions overestimate long term strength. This is due to the inability of maturity functions to account for the detrimental effect that high early age temperatures have on later age strength. The temperature of the PC50 rises above 60 °C, within 12 hours after casting. This is approximately the highest temperature recorded for FA50 and GGBS50 but these occur much later at 48 and 72 hours respectively. The temperature rise under nearly adiabatic curing regime relies on the heat evolution from the binder. The increase in temperature for FA50 and GGBS50 is delayed by several hours and significant rises only occur even more hours later as a result of the induction period [88] . As the hydration reaction is required to have progressed significantly before high temperatures occur, the detrimental effect to long term strengths is significantly reduced. It is for this reason that it is recommended that curing cycles, e.g. for precast concrete products, should have a "delay period" before the "temperature rise period" [89] .
The early age temperature rise of the PC50 appears to have had significant detrimental effect to the ultimate strength and strength estimates do not improve after 1 day but become worse. This detrimental effect of high early age curing temperature on later age strength has become known as the "cross-over" effect (firstly reported by McIntosh in 1956 [94] ) and is believed be due to the formation of dense hydrated phases around the unreacted cement particles, preventing further hydration [95, 96] . Furthermore, this deviation of strength estimates from the actual measured values is less pronounced for especially the FA and GGBS concretes because of (a) the longer "delay period" and (b) the "cross-over" effect occurring much later than Portland cement, i.e. beyond 28-days as can be seen from Fig. 16 and Fig. 17 .
The above discussed trends can be also seen in Fig. 18 and Fig. 19 where the estimated to actual strength ratio is plotted versus age. These figures also show that the Arrhenius labelled estimates do not considerably improve with the use of specific coefficients of the particular concrete, i.e. the s-values determined from regression analysis and the use of "apparent" activation energies. The improvements are mainly for the GGBS concretes which have considerably higher "apparent" activation energies, i.e. 41.6 and 52.8 kJ/mol for GGBS50 and GGBS30 respectively, from the 33.3 kJ/mol used in the fib model code. The small differences in "apparent" activation energies, as well as the "delay period" for PC and FA concretes, may have made the improvements in strength estimates appear to be small.
This may be different if the concretes were cured isothermally at an elevated temperature especially if these high temperatures were applied immediately after casting.  The E a of the FA concretes are slightly below those of the equivalent PC concretes whilst those for GGBS concretes are considerably higher.
 Use of these different "apparent" activation energies that are specific to the concrete mix constituents do not considerably improve the strength estimates.
 The small differences in "apparent" activation energies, as well as the small "delay period" for PC and FA concretes, may have made the improvements in strength estimates from the use of "apparent" activation energies specific to the particular concrete appear to be small.
 The use of "apparent" activation energies specific to the particular concrete may result in more accurate estimates for concretes cured isothermally at an elevated temperature especially if these high temperatures were applied immediately after casting. 
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